Background: Few studies have investigated whether favorable effects of lactation persist after weaning and protect women with prior gestational diabetes mellitus (GDM) against later development of insulin resistance and insulin secretion defects. Objective: To investigate the impact of lactation duration on insulin and glucose response among women with prior GDM. Design/methods: The study group comprised 144 women with a history of GDM between 2003 and 2010. Plasma insulin and glucose concentrations were obtained from a 75 g oral glucose tolerance test (OGTT). Total lactation duration (exclusive breastfeeding and breast and bottle-feeding) for all infants was self-reported in months. Results: Mean age was 36.5G5.0 years. Time between delivery and metabolic testing was 4.0G1.9 years. Women breastfed for an average of 13.9G16.8 months. Most women (80.6%) reported a history of lactation. Women who lactated had higher homeostasis model assessment for insulin sensitivity (HOMA-IS) and Matsuda indices and lower fasting and 2-h post-OGTT insulin concentrations as well as area under the curve (AUC) for insulin (P%0.01 for all). Compared with women who lactated for !10 months, women who lactated for R10 months had improved insulin sensitivity-secretion index, higher HOMA-IS and Matsuda indices, lower fasting and 2-h post-OGTT insulin concentrations as well as AUC for insulin, and lower incidence of impaired glucose intolerance (P%0.05 for all). In multiple linear regression analyses, lactation duration emerged as an independent predictor of fasting insulin concentrations (bZK0.02) and insulin sensitivity indices (bZ0.02) (P%0.05 for all). Conclusions: These results suggest that longer duration of lactation is associated with improved insulin and glucose response among women with prior GDM.
Introduction
Gestational diabetes mellitus (GDM) is defined as the onset or first recognition of glucose intolerance during pregnancy (1) . During pregnancy, women with GDM display metabolic abnormalities similar to those of people with type 2 diabetes (T2D), such as insulin resistance and reduced pancreatic b-cell compensation for that resistance (2) . GDM most often resolves at delivery but insulin resistance and insulin secretion defects remain common in the post partum period (3, 4, 5) .
Lactation is encouraged for women with prior GDM because it may confer health benefits to women with a history of GDM (6, 7, 8) and has been suggested to be associated with increased insulin sensitivity (9) , improved insulin secretion (10) , and improved glucose tolerance (6, 11) . A study by Gunderson et al. (9) showed that lactation may exert favorable effects on insulin sensitivity. However, in another study, 3 months of lactation in a population with previous GDM was not associated with fasting glucose or insulin values, but improved insulin sensitivity was associated with improved b-cell function (10) , suggesting that other studies are needed to better understand beneficial effects of lactation among women with prior GDM.
Because only few studies have investigated whether favorable effects of lactation persist after weaning and protect women with prior GDM against later development of insulin and glucose response defects, the aim of this study was to investigate the impact of lactation duration on insulin and glucose response among women with prior GDM. We hypothesized that longer duration of lactation is associated with improved insulin concentrations, sensitivity, and secretion as well as improved glucose concentrations and tolerance among women with prior GDM.
Materials and methods

Study population
The study population has been described previously (12) . Briefly, a total of 215 eligible women from the greater Quebec region (Capitale-Nationale and Chaudières-Appalaches) with a history of GDM between 2003 and 2010 were invited to come to the clinical investigation unit of the Institute of Nutraceuticals and Functional Foods (INAF) of Laval University, Quebec City, between October 2009 and August 2011. Women who had a bariatric surgery (nZ1) or multiple pregnancy (nZ2), who were exclusively breastfeeding at the time of the study (nZ2), who used T2D medication (nZ7) and with missing data for variables considered in the analyses (lactation duration, insulin profile, or current physical activity (nZ59)) because of incomplete questionnaires were excluded, leaving a total of 144 women in the final analyses. Excluded women were not different from the study group (PO0.05). All subjects provided written consent to participate in this study, which has been approved by the Ethics Committee of Laval University.
Oral glucose tolerance test
A 75 g 2-h oral glucose tolerance test (OGTT) was performed in the morning after an overnight fast. Blood samples were collected at K15, 0, 15, 30, 60, 90, and 120 min for the measurement of plasma glucose and insulin concentrations. Plasma glucose was measured enzymatically (13) whereas plasma insulin was measured by RIA (14) . Impaired fasting glucose was characterized by a fasting glucose value between 6.1 and 6.9 mmol/l and impaired glucose tolerance by a normal fasting glucose value (!6.1 mmol/l) and 2-h post-OGTT glucose value between 7.8 and 11.0 mmol/l (women with T2D were excluded). The homeostasis model assessment for insulin sensitivity (HOMA-IS) index calculated as 1/((fasting insulin concentration !fasting glucose concentration)/22.5) (15) and the Matsuda index calculated as 10 000/O(fasting glucose concentration!fasting insulin concentration!(mean glucose!mean insulin)) (16) were obtained. Insulin secretion was estimated by the ratio of the area under the curve (AUC) for insulin to the AUC for glucose. Insulin sensitivity-secretion index (ISSI) was calculated as the product of insulin secretion and insulin sensitivity calculated using the Matsuda index (17, 18) . This OGTT-derived measure has been shown to be correlated with the disposition index obtained from frequently sampled intravenous glucose tolerance test (18, 19) . In addition, we calculated the insulinogenic index for insulin secretion (insulin 30 minK fasting insulin/glucose 30 minKfasting glucose) (20) .
Data collection
Body weight and height were measured and BMI was calculated (kg/m 2 ). Weight prior to any pregnancy was self-reported by women and was used to calculate BMI prior to any pregnancy. Lactation duration for each pregnancy was retrospectively self-reported in months by the participants. Questionnaires were filled by each participating woman during their visit at the clinical investigation unit. Total duration of lactation was defined as the sum of the months of lactation, either exclusive breastfeeding or breast and bottle-feeding, for all of the participant's infants. Nutritional information was obtained from a validated food frequency questionnaire (FFQ) (21) . The FFQ was designed to assess food intake over the last month. Daily usual dietary intakes were obtained. This questionnaire has been validated in a sample of the population of the greater Quebec area and is reproducible (21) . Nutrient analyses of the FFQ were performed using the Nutrition Data System for Research (NDS-R) version 4.03, developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN. To report physical activity, women completed the International Physical Activity Questionnaire (IPAQ). Total physical activity of moderate and high intensity was obtained (22) . Insulin use during at least one pregnancy as well as parity and education level were self-reported by the participants. Time since last GDM-complicated pregnancy delivery was calculated from the difference between the delivery date of the GDM-complicated pregnancy based on the RAMQ data and the day of metabolic testing.
Statistical analysis
Variables were tested for normality of distribution and non-normally distributed variables were log or square root transformed. ANOVAs were performed to examine the association between women who lactated or not and insulin concentrations, indices of insulin sensitivity and insulin secretion, as well as glucose concentrations and glucose tolerance. The associations between duration of lactation in months (stratified in two groups using the median of 10 months) and insulin and glucose response measures were assessed using ANOVAs. Analyses were then adjusted for age, current energy intake, current physical activity, current BMI, insulin use during pregnancy, education level, parity, and time since last GDM-complicated pregnancy delivery. These variables were selected based on associations with the studied outcomes in the current study or based on their presumed physiological role. Differences between characteristics of the lactation groups were calculated 516 S Chouinard-Castonguay and others by ANOVA for continuous variables and by c 2 test for categorical variables. Multiple linear regression analyses were performed to identify independent predictors of glucose and insulin concentrations and indices of insulin sensitivity and insulin secretion. The models included lactation duration in months, age, current energy intake, current physical activity, current BMI, insulin use during pregnancy, education level, parity, and time since last GDM-complicated pregnancy delivery. All statistical analyses were performed using SAS statistical software, version 9.2 (SAS Institute, Inc., Cary, NC, USA), and P%0.05 was used to identify a statistically significant result.
Results
Characteristics of the participants are given in Table 1 . Mean age was 36.5G5.0 years. Mean BMI was 27.5G6.5 kg/m 2 . Participants were enrolled in the study 4.0G1.9 (range from 1 to 7 years) years after the last GDM-complicated pregnancy delivery date. Total duration of lactation was 13.9G16.8 months. Most women (80.6%) reported a history of lactation. There was no difference between women who lactated and women who did not except that women in the lactation group were older and had higher education level compared with women who did not lactate (P!0.05 for both, Table 2 ). Characteristics of the participants were also similar between women who lactated for a total !10 and for a total R10 months (PO0.05, Table 3) .
No difference was observed for glucose concentrations, impaired fasting glucose, or impaired glucose tolerance between women who lactated or not (PO0.05 for all, Table 2 ). Women who lactated had lower fasting and 2-h post-OGTT insulin concentrations and AUC for insulin (P%0.01 for all, Table 2 ). Women in the lactation group were also characterized by higher HOMA-IS and Matsuda indices (P%0.01 for both, Table 2 ). Women who lactated had a lower insulin secretion calculated by the AUC ratio (PZ0.03, Table 2 ) but not according to the insulinogenic index (PO0.05, Table 2 ). There was no difference in ISSI index between the lactation and the non-lactation groups (PO0.05, Table 2 ). Results were similar after adjustments for age, current energy intake, current physical activity, current BMI, insulin use during pregnancy, education level, parity, and time since last GDM-complicated pregnancy delivery.
There was no difference for glucose concentrations and for the proportion of women with impaired fasting glucose between women who lactated for a total !10 and for a total R10 months (PO0.05 for all, Table 3 ). On the other side, the proportion of women with impaired glucose tolerance was lower among women who lactated for a total R10 months (PZ0.001, Table 3 ). Compared with women who lactated for a total !10 months, women who lactated for a total R10 months had significantly lower fasting and 2-h post-OGTT insulin concentrations as well as lower AUC for insulin (P%0.01 for all, Table 3 ). These women also had higher HOMA-IS and Matsuda indices (P%0.01 for both, Table 3 ). There was no difference in insulin secretion indices (PO0.05, Table 3 ) but we observed better insulin secretion at a comparable level of insulin sensitivity (ISSI) (PZ0.03, Table 3 ). Results were similar after adjustments for age, current energy intake, current physical activity, current BMI, insulin use during pregnancy, education level, parity, and time since last GDM-complicated pregnancy delivery. Analyses without women with T2D showed similar results (data not shown).
Having shown that insulin concentration, sensitivity, and secretion as well as glucose tolerance vary according to lactation categories, multiple linear regression analyses were performed. They were used to determine whether lactation duration, as a continuous variable, remained an independent predictor of these characteristics. Lactation duration emerged as an independent predictor of insulin sensitivity indices (HOMA and Matsuda, bZ0.02, PZ0.04 for both) and fasting insulin concentrations (bZK0.02, PZ0.03) (Table 4) in a model including lactation duration in months, age, current energy intake, current physical activity, current BMI, insulin use during pregnancy, education level, parity, and time since last GDMcomplicated pregnancy delivery. In contrast, lactation duration was not an independent predictor of fasting and 2-h post-OGTT glucose concentrations, 2-h post-OGTT insulin concentrations, AUC for insulin, and insulin secretion (PO0.05 for all, Table 4 ).
Discussion
Our objective was to investigate the impact of lactation on insulin and glucose response among women with prior GDM (mean 4 years after delivery). Results from our study showed that a large proportion of women with prior GDM breastfed their infant. Women who lactated had improved insulin sensitivity compared with women who did not lactate. Those with a total duration of lactation of at least 10 months were characterized by improved glucose tolerance as well as improved insulin sensitivity and insulin secretion for the degree of insulin sensitivity. We also showed that lactation duration was an independent predictor of fasting insulin concentrations and insulin sensitivity indices.
Results from the current study showed that 81% of women with prior GDM breastfed their children. Although a large proportion of women with prior GDM did breastfeed, this number is slightly lower than the data reported by the Canadian Community Health Survey (CCHS), which showed that 87.9% of women breastfed or tried to breastfeed their last child in 2007-2008 (23) . This lower rate of breastfeeding among women with prior GDM is consistent with another study where data of breastfeeding habits of 257 mothers with GDM and 527 healthy mothers were recorded (24) . Compared with healthy mothers, women with GDM breastfed less (75 vs 86%) and for a shorter duration (median duration of any breastfeeding of 9 vs 17 
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Our data suggest that women with prior GDM who lactated were characterized by improved insulin sensitivity. Lactation duration was also an independent predictor of insulin sensitivity. In contrast with results obtained in the current study, Diniz & Da Costa (25) failed to find an association between lactation duration and insulin sensitivity at 12-18 months post partum in 67 women from the general population. In addition, an observational study of 26 women with prior GDM showed that insulin sensitivity was not significantly different between breastfeeding and non-breastfeeding women 3 months after a GDM-complicated pregnancy (10) . In a larger study of women with prior GDM, the Study of Women, Infant Feeding, and Type 2 Diabetes (SWIFT), 522 participants were tested at 6-9 weeks after a GDM-complicated pregnancy (9) . Exclusive breastfeeding or mostly breastfeeding women had lower HOMA-IR index but no differences were found with the mixed or inconsistent feeders compared with the formula feeding group (9) . Whether the apparent benefit of lactation on insulin sensitivity persists after weaning is uncertain. Results from Project Viva showed that lactation was not associated with insulin resistance (assessed by HOMA-IR) among 175 women 3 years after delivery (26) . However, results of this study suggest that lactation duration may have a beneficial effect with a mean of 4 years after delivery in women with prior GDM.
We also observed that lactation duration was associated with fasting and 2-h post-OGTT insulin concentrations as well as insulin response. In a prospective study by Gunderson et al. (27) , fasting insulin concentrations at 3-year follow-up increased more for women who did not lactate than for those who lactated and weaned (nZ109). Similarly, duration of lactation was inversely correlated with fasting insulin levels in a retrospective study including 2516 women (11). Diniz & Da Costa (25) showed that lactation was inversely related to total insulin response (AUC for insulin) and to insulin peak (the highest concentration during an OGTT) (25) . Whether these results reflect a sustained effect of lactation remained uncertain because 60% of participants were still breastfeeding (25) . Results from Project Viva showed no association between lactation and fasting insulin in a multivariate model (26) . In women with a pregnancy complicated with GDM from the SWIFT cohort, compared with exclusive or mostly formula feeding, women who were exclusively breastfeeding or mostly breastfeeding 6-9 weeks after delivery had lower fasting and 2-h post-OGTT insulin concentrations (9) . These results combined with results from this study suggest that lactation is associated with lower insulin concentrations and reduced insulin response following a glucose challenge.
We did not observe association between lactation and glucose values or impaired fasting glucose or impaired glucose tolerance. However, lactation R10 months was associated with a lower proportion of women with impaired glucose tolerance. In a study of 300 women with prior GDM and 220 controls, the prevalence of persistent hyperglycemia at 12 weeks post partum was lower in women who lactated vs women who did not lactate (6) . Other studies have shown improved insulin homeostasis but no changes in glucose tolerance among women who lactated, suggesting that lactation was associated with compensatory hyperinsulinemia but maintained normal glycemia (25, 28) . Indeed, Tigas et al. (28) observed that lactating women handle oral carbohydrates normally but had increased insulin sensitivity.
It has been demonstrated that women with GDM have a chronic defect in b-cell function (29) and that there is a declining b-cell function in the first year following a pregnancy affected by GDM (17) . To our knowledge, only one study investigated the relationship between lactation and b-cell function in women with prior GDM. A significantly higher b-cell function was observed in 14 breastfeeding women compared with 12 non-breastfeeding women 3 months after a pregnancy complicated by GDM while there was no difference in Table 4 Multiple linear regression analyses of the relationships between lactation duration and insulin and glucose response (nZ144). Covariates included in the models but not significant: age, current energy intake, insulin use during pregnancy, parity, and time since last GDM-complicated pregnancy delivery. either insulin sensitivity or insulin secretion (10) . In this study, lactation per se was not associated with improved ISSI but we observed improved insulin secretion for the degree of insulin sensitivity (ISSI) among women who lactated R10 months. However, in a multiple regression model, lactation duration was no longer significant when other variables were included in the model, suggesting that other studies are needed to understand the impact of lactation and lactation duration on insulin secretion. Other studies have looked at long-term impact of lactation duration on subsequent risk of metabolic disease in women with GDM. Among 84 women with prior GDM, increased duration of lactation was associated with a lower incidence of the metabolic syndrome during a 20-year period in the Coronary Artery Risk Development in Young Adults Study (30) . In the Nurses' Health Study, increasing duration of lactation was associated with a reduced risk of T2D in the group never diagnosed with GDM but had no effect on T2D risk in the GDM group (31).
Some mechanisms underlying a possible preventive role of lactation for maternal insulin metabolism have been proposed. The effect of lactation on insulin secretion could be mediated by direct prolactin action as levels increase with lactation (32) . Prolactin has been shown to stimulate insulin secretion (32) through stimulation of b-cell proliferation by downregulating the expression of menin (33) . Prolactin levels remain high during lactation, suggesting that the hormone may play a role in regulating insulin secretion and glucose homeostasis in the post partum period (34) . Unfortunately, we were unable to obtain data on changes in the hormonal milieu during and after pregnancy that would have allowed us to explore underlying metabolism and confirm that the hormonal changes were induced by lactation. Another proposed mechanism is that glucose could be preferentially diverted for lactogenesis via a non-insulin-mediated pathway of uptake by the mammary gland, which may unload the pancreatic b-cells and preserve long-term insulin production in women (35) . Lactation can have a prolonged effect through an effect on adipose tissue metabolism by mobilizing lipids accumulated in liver and muscle into breast milk instead of redirecting lipid to adipocytes that are already enlarged (36) . Also, prolactin modulates the transcription factors STAT5 and PPARg, and the expression of lipoprotein lipase, which are co-expressed in breast, adipose tissue, and skeletal muscle (36) . A non-lactating woman would be at higher risk of storing lipids in non-adipose tissues resulting in further compromise of the balance between insulin secretion and insulin sensitivity (36) . Further research is needed to explain the mechanism involved in the association between lactation and insulin and glucose response and especially regarding the longterm effect of lactation.
Limitations of the current study include the possibility that some confounding factors were not taken into consideration. Indeed, a healthier lifestyle among women who lactated is possible and could explain part of the long-term association between lactation and insulin homeostasis. However, we were able to control for multiple potential confounders including current diet and physical activity in addition to current BMI, age, insulin use during at least one pregnancy, education level, parity, and time since last GDMcomplicated pregnancy delivery. Lactation duration was obtained from an open question but may have been subject to recall bias as breastfeeding was selfreported retrospectively w4 years after delivery. However, maternal recall does provide accurate estimates of initiation and duration of breastfeeding with high validity according to a review of 11 studies (37) . Furthermore, data on the metabolic profile before pregnancy or in the early post partum period were not available in this study. Several conditions have been shown to impact initiation of breastfeeding including maternal obesity, a condition often associated with GDM. Although BMI in the early post partum period was not available, we did have BMI prior to any pregnancy and it was not different between the lactation groups. Finally, because of the design of the study, we cannot conclude that there is a causal link between lactation duration and the insulin profile.
In conclusion, our data provide evidence that lactation may have favorable effects on insulin and glucose response up to a mean of 4 years after delivery among women with a history of GDM who are more susceptible to develop T2D. The effects seemed to be greater with increasing duration of lactation (O10 months). Our study supports a growing body of evidence showing that lactation may have benefits on maternal insulin and glucose metabolism years after weaning and that lifestyle behaviors do not explain the associations. Encouraging women to breastfeed and to persist in breastfeeding may provide an important strategy for reducing the T2D risk in women with prior GDM. Further investigations and prospective studies are needed to elucidate the mechanisms through which lactation may influence metabolic risk profiles, and whether lifestyle modification, including lactation duration, may affect development of diseases, particularly among high-risk groups such as women with a history of GDM.
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